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We suggest to isolate the loop-induced gluon-initiated component (gg →
ZH) for associated ZH production by using the similarity of the Drell-Yan-
like component for ZH production to the WH process. We argue that the
cross-section ratio of the latter two processes can be predicted with high the-
oretical accuracy. Comparing it to the experimental ZH/WH cross-section
ratio should allow to probe for New Physics in the gg → ZH component at
the HL-LHC. We consider typical BSM scenarios in order to exemplify the
effect they would have on the proposed observable.
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1 Introduction
The Higgs boson provides a new probe for physics beyond the Standard Model (SM).
A precise measurement of its couplings to the SM particles is certainly one of the most
promising ways to search for deviations from the SM. The tree-level couplings of the
SM Higgs are determined solely by the particle masses and the vacuum expectation
value v ≈ 246 GeV; a global fit to these couplings yields good agreement with the SM
predictions within current experimental uncertainties, see e.g. Ref. [1]. Couplings to
massless particles like the photon or gluons are necessarily loop-induced, which allows
for New Physics to affect the numerical value or the Lorentz structure of these couplings
in a significant way.
In fact, the loop-induced couplings to photons as well as to gluons were essential to the
actual discovery of the Higgs boson, for example through gg → H → γγ [2,3]. The good
agreement with the theoretical prediction of this process within the SM leaves little room
for any large impact of New Physics here (for comprehensive reviews on Higgs physics
at the Large Hadron Collider (LHC), see Refs. [4–7]).
Associated VH production, or Higgs-Strahlung for short, is one of the main production
modes for Higgs bosons at the LHC. Despite its rather small cross section, its feature
of providing a tag through the electro-weak gauge boson in the final state recently
allowed the first observation of the Higgs decay to bottom quarks, which is swamped by
background bb¯ production in other major Higgs production modes. Focusing on boosted-
Higgs events and advanced jet-substructure analyses is a promising direction to further
separate the signal from the background [8].
Another unique feature of the Higgs-Strahlung process pp→ VH is its appearance in two
variants: V = W and V = Z. In the SM, the amplitudes are related through next-to-
leading order (NLO) QCD by well established symmetry properties of the SM. At next-to-
next-to-leading order (NNLO) QCD, however, these two concepts are no longer sufficient
to relate WH to ZH production. This is mostly due to a loop-induced contribution
to ZH production whose leading-order (LO) partonic amplitude is given by gg → ZH.
The corresponding Feynman diagrams contain either boxes or triangles of bottom or
top quarks, see Fig. 1 (lighter-quark contributions are numerically negligible in general).
In the SM, the box and triangle contributions interfere destructively, which leads to an
enhanced sensitivity to physics beyond the SM (BSM).
Quite generally, loop-induced processes are particularly sensitive to New Physics, since
its effects are likely to be of the same order as the SM process in this case. The sub-process
gg → ZH, however, is only one contribution to the general Higgs-Strahlung process of
ZH production, albeit a separately-finite and gauge-independent one. Moreover, it is
suppressed by two powers of the strong coupling constant αs with respect to the dominant
qq¯-initiated contribution.
It would thus be desirable to separate event samples which are due to the “Drell-Yan
like” production mechanism, where at LO the Higgs is radiated off an off-shell Z boson
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Figure 1: Sample Feynman diagrams that contribute to the gg → ZH process
at leading order.
produced in qq¯ annihilation, from the ones due to the gluon-initiated process gg → ZH.
First steps in this direction have been taken in Refs. [9] and [10]. In the latter paper, it
was pointed out that the relative contribution of the gg → ZH process to ZH production
depends strongly on the kinematical region of the final state. For example, while it
constitutes only about 6% of the total cross section (at order α2s), its relative contribution
is more than twice as large in the so-called boosted regime, pT > 150 GeV. Clearly, such
an effect needs to be taken into account in experimental analyses of the ZH production
process, in particular since it carries such a large sensitivity to New Physics.
In this paper, we propose a data-driven strategy to extract the gluon-initiated compo-
nent (or, more precisely, the non-DY component) for ZH production. It is based on the
comparison of the ZH to the WH cross section and the corresponding invariant mass
distribution of the VH system. The required theory input in the SM is the ratio of the
DY-like components for ZH and WH production, which can be predicted very reliably
already now, and is expected to improve even further in the foreseeable future. We study
the impact of various possible structures in models for New Physics, such as modified
Yukawa couplings, extended Higgs sectors, or vector-like quarks (VLQs). In order to
estimate the expected experimental uncertainties, we simulate a recent ATLAS analysis
with Monte-Carlo events, and extrapolate it to higher luminosities. We find that the
estimate of systematic uncertainties becomes the limiting factor for the measurement,
highlighting the importance of a detailed investigation of systematic effects, and poten-
tially an optimization of the experimental analysis towards the extraction of this ratio
from data.
3
2 Theory prediction for VH production
2.1 Definition and features
Let us consider the following theoretical decomposition of the inclusive VH production
cross section:
σVH = σVHDY + σ
VH
non-DY , (1)
where, by definition, the DY component can be written as
σVHDY =
∫
dq2 σV (q
2)
dΓV ∗→VH
dq2
+ ∆σVHEW . (2)
In Eqs. (1) and (2), the electro-weak corrections ∆σVHEW are understood to be fully at-
tributed to σVHDY , i.e., by definition, σ
VH
non-DY does not receive any electro-weak corrections.
At LO perturbation theory, the DY-like terms for WH are related to those for ZH by
changing external parameters like the gauge boson mass, the gauge coupling, or the PDF,
all of which can (and are) determined independently through other processes. The effect
of higher orders on this similarity between the DY components will be studied below.
Note that any New Physics most likely respects the well-established gauge symmetry be-
tween the W and the Z, and thus preserves the strong tie between the DY-components
for WH and ZH production. For example, in a general 2-Higgs-Doublet-Model (2HDM),
the ratio of the DY components for ZH and WH production is the same as in the SM.
Concerning σVHnon-DY, the dominant contribution in the SM for V = Z is due to the gluon-
initiated process gg → ZH, denoted by σgg. The generic set of diagrams contributing to
this sub-process at LO is shown in Fig. 1. We stress that, within QCD, σgg is well-defined
since it is separately finite and gauge invariant to all orders of perturbation theory. In
BSM theories, also bb¯-initiated contributions may become important in σZHnon-DY. None
of these have a correspondence in WH production; in fact, in this paper we will assume
that only ZH production receives non-DY contributions, i.e. σWHnon-DY = 0.
The current theoretical precision is quite different for the first two components on the
l.h.s. of Eq. (1). While σVHDY is known through NNLO QCD [11–15], i.e. O(α2s), the current
theory prediction for the total inclusive cross section of σgg is based on the full LO
calculation, which is also of order α2s [16,17]. At this order, σgg amounts to about 6% of
the total ZH cross section for MH = 125 GeV in pp collisions at 13 TeV. A full calculation
of the relevant NLO corrections, i.e. O(α3s), is not yet available. However, assuming that
it depends only weakly on the top-quark mass, as it is the case for the gluon-fusion
process gg → H, the NLO correction factor has been found to be of the order of two,
which increases the gg → ZH contribution to the total cross section accordingly [18,19].
Higher order terms in 1/Mt were evaluated in Ref. [20], but their validity is restricted
to an invariant mass MZH of the ZH system of MZH < 2Mt. Concerning differential
distributions, the amplitudes for 2- and 3-parton final states including the full quark-
mass dependence have been merged in order to obtain a reliable prediction at large
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transverse momenta of the Higgs boson [21, 22]. For σVHDY , also electro-weak corrections
are known [23–25], while they are unavailable for σgg at the time of this writing. As a
consequence, the estimated theoretical accuracy due to scale variation for the DY-like
component is at the sub-percent level, while it reaches up to about 25% for σgg at NLO.
Including NLL resummation, this reduces to about 7% [19]. The PDF uncertainties1 are
at the 2% and 4% level for the DY and the gg component, respectively. NNLO+PS
implementations of the WH and the ZH process have been presented in Refs. [27, 28].
2.2 New-Physics effects
The gluon-initiated component reveals some interesting features which predestines it as
a probe for New Physics. First of all, it is loop-induced, which means that it is par-
ticularly sensitive to as-of-yet unknown particles which might couple the initial-state
gluons to the ZH final state. Second, the dominant contribution in the SM is due to
top-quark loops, which lead to a characteristic threshold-structure in various kinemat-
ical distributions of the cross section. The application of appropriate cuts thus allows
for enriching the ZH sample with gluon-initiated events, as pointed out in Ref. [10].
Through the box diagrams, Fig. 1 (b), the cross section also receives a dependence on
the top-quark Yukawa coupling, which is amplified by the fact that the box diagrams
interfere destructively with the triangle diagrams, Fig. 1 (b). Another interesting feature
which appears in many BSM models are s-channel contributions due to additional Higgs
bosons [9]. They either add to the triangle-component of σgg, or they occur in the process
bb¯→ ZH. For future reference, we refer to the latter contribution as σbb¯, distinguishing
it from the bb¯-contribution to σVHDY by requiring that σbb¯ = 0 in the limit of a vanishing
bottom-quark Yukawa coupling. In the SM, this contribution amounts to less than 0.1%
of the DY term.
Many of such New-Physics effects on σgg as well as σbb¯ can be investigated with the help
of the program vh@nnlo [29, 30].
Deviations from the SM, like modified Yukawa couplings, new colored particles, or an ex-
tended Higgs sector, are thus likely to manifest themselves in the ZH final state through
the gluon- or bb¯-initiated component of the cross section, given that one considers a suit-
able observable. In Sect. 3 we will argue that the DY and the non-DY ZH contribution
can be isolated to a high degree by considering the ratio2
RZHDY ≡
σZH
σZHDY
. (4)
1Using PDF4LHC15 nnlo 100 [26].
2 Here and in what follows, we use the notation in Eq. (4) for a generic distribution. More explicitly,
we may write
RZHDY (x) =
dσZH/dx
dσZHDY /dx
. (3)
for a distribution in a specific kinematic variable x ∈ {pHT ,MVH , . . .}.
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Figure 2: (a) The pT spectrum of the Higgs boson produced through the
gg- and bb¯-processes for different values of the top- and bottom-quark Yukawa
couplings. (b) The ratio of the full ZH cross section to the DY component. The
latter was obtained at NNLO with the help of MCFM [15], the New-Physics effects
in gg → ZH were calculated at LO (i.e. O(α2s)) with vh@nnlo [29, 30], using
PDF4LHC15 nnlo PDFs with αs(MZ) = 0.118 in both cases [26]. The (local)
minimum at pT ∼ 230 GeV for yt = 2yt,SM is an effect from the box-triangle
interference.
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An obvious kinematical parameter to consider would be the transverse momentum of the
Higgs boson. Indeed, as shown in Fig. 2, the pT distribution of the Higgs boson produced
in non-DY processes exhibits a significant dependence on New Physics (a non-SM Yukawa
coupling in this case).
In this paper, however, we want to focus on the invariant mass distribution MZH of
the ZH system, since we find that it reveals particularly distinct features that allow
to identify various New-Physics models, especially when normalized to the DY-like ZH
contribution. Examples are shown in Fig. 3, which include the effect of both gg → ZH
and bb¯→ ZH, the latter of which becomes relevant in scenarios with enhanced bottom-
quark Yukawa coupling. Experimentally, the invariant mass for the MVH system may be
difficult to access, and other observables such as the pT spectrum may be more advanta-
geous. The optimal observable is best determined within an experimental analysis where
all the systematic uncertainties are available. The reconstruction of the WH invariant
mass for our numerical simulation is outlined in Sect. 4. The general idea of the current
paper is independent of the observable under consideration.
Throughout the paper, we set
√
s = 13 TeV , Mt = 173 GeV , MH = 125 GeV , (5)
unless indicated otherwise. As already pointed out in Ref. [10], the contribution of
gg → ZH to the total cross section is typically rather small in the kinematical region
below the top-quark threshold. The distribution above 2Mt, on the other hand, distinctly
reflects the impact of New Physics. Specifically, this region crucially depends on the
top-quark Yukawa coupling, both in magnitude and sign, as shown in Fig. 3 (a) and (b).
In addition, new heavy particles which contribute to the effective ggZH coupling might
also reveal extra threshold structures in the invariant mass spectrum, as shown using the
example of vector-like quarks in Fig. 3 (c). Non-minimal Higgs bosons which contribute
through s-channel exchange lead to yet other features in this spectrum, see Fig. 3 (d),
which shows RZHDY for a 2HDM. The peak structure is dominated by the bb¯→ ZH process
in this case (see also Ref. [30]).
3 Extracting the non-DY component from data
3.1 The double ratio
The high accuracy to which the DY component is known theoretically suggests a simple
comparison of the experimentally determined VH rate to the theoretical prediction of
its DY component, and thus the extraction of the non-DY to the DY ratio directly from
RZHDY = σ
ZH/σZHDY of Eq. (4):
σZHnon-DY
σZHDY
= RZHDY − 1 =
σZH
σZHDY
− 1 , (6)
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Figure 3: (a) The ZH invariant mass spectrum in the SM: total cross section
(solid red), DY component (dashed cyan), gg → ZH component (dash-dotted
purple), bb¯→ ZH component (dotted blue). (b) The ratio RZHDY of the full ZH
cross section to the DY component in the SM (solid red) and for modified values
of the top- and bottom-quark Yukawa coupling, including various New-Physics
effects. (c) RZHDY for the SM+VLQs of mass 600 GeV, and various values of the
VLQ mixing angle. (d) RZHDY for the production of a light SM-like Higgs in the
2HDM with a pseudo-scalar of different masses including bb¯→ ZH. The DY-like
component was obtained at NNLO with the help of MCFM [15], the New-Physics
effects in gg → ZH were calculated at LO (i.e. O(α2s)) with vh@nnlo [29, 30],
using PDF4LHC15 nnlo PDFs with αs(MZ) = 0.118 in both cases [26].
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with the DY-like cross section, σZHDY , taken from theory, and the full ZH cross section
σZH from experiment. Such an experiment/theory comparison suffers from potential
systematic uncertainties though, due to detector simulation, unfolding, and the like.
In this paper, we propose to analyze the data from Higgs-Strahlung by making use of
a very specific feature for this process which has been alluded to in Sect. 2.1, namely
the similarity between the ZH and the WH process.3 For this purpose, let us define the
double ratio
RZWR =
σZH/σWH
σZHDY /σ
WH
≡ R
ZW
RZWDY
. (7)
Obviously, if all quantities are evaluated theoretically, it is RZWR = R
ZH
DY , cf. Eq. (4).
Here, however, we suggest to measure the numerator RZW = σZH/σWH of the double
ratio in Eq. (7) from experimental data. Despite the different final states for ZH and WH
production, we expect that a number of systematic experimental uncertainties cancel,
in particular if the parameters of the analyses for ZH and WH are aligned as much as
possible. A rough estimate of the experimental uncertainty will be described below.
The denominator of Eq. (7), on the other hand, referred to as the DY ratio in what
follows, can be calculated within the SM with rather high precision, as will be discussed
below. In addition, it can hardly be affected by any New-Physics effects, because of the
strong theoretical and experimental constraints on the electro-weak gauge couplings, as
already discussed in Sect. 2.1.
We note that the comparison of WH to ZH as a probe for New Physics has been first
suggested in Ref. [9], where the 2HDM was considered as an example at the level of
total cross sections, partly with boosted topology. In this paper we provide a much
more elaborate investigation of that proposal, on the basis of differential quantities and
including an estimate of the expected experimental uncertainty through the analysis of
a simulated event sample.
3.2 Theory prediction for the DY ratio
At the level of the total cross section, RZWDY receives corrections of only 0.2% at NLO, while
the NNLO corrections on top of that are at the per-mill level. This is quite remarkable
as the NLO corrections on the numerator and denominator in that ratio amount to 16%;
the NNLO corrections on the other hand, are less than 1% on top of that.
As a function of MVH , the NLO corrections on the DY-ratio are at or below the 1% level,
as shown in Fig. 4. This holds for both the fully inclusive as well as the “fiducial” cross
section, where the latter is evaluated according to Ref. [7] by applying the following cuts:
plT > 15 GeV , yl < 2.5 , 75 GeV < mll < 105 GeV , (8)
3We note that, at the level of the actual Drell-Yan process of virtual V production, pp → V ∗, the
symmetry between V = W and V = Z has been used before as an alternative way to measure the
W boson mass at hadron colliders [31].
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where plT and yl is the transverse momentum and rapidity of a charged lepton, respec-
tively, and mll is the invariant mass of a charged lepton pair (the latter cut only applies
to ZH production, of course). Using MCFM, we have also checked that the NNLO cor-
rections on the DY-ratio are negligible for all relevant values of MVH . For the NLO
prediction, we thus estimate the uncertainty due to uncalculated QCD corrections to be
less than 1%.
Due to the different electric charge of W and Z and their different decay patterns,
one may expect a larger sensitivity of the ratio RZWDY to electro-weak corrections in
comparison to the QCD effects. Indeed, employing HAWK [24, 32] to study these effects,
we find that they amount up to about 5% on RZWDY when the Z decay into charged leptons
is considered,4 see Fig. 5. Compared to the QCD corrections, the electro-weak effects on
RZWDY show a stronger dependence on MVH , albeit in a very continuous and monotonous
way.
A particularly subtle electro-weak contribution is due to the photon-induced process
γq → qVH, referred to as σγ in what follows. Despite the fact that σγ amounts to at most
about 7% to the inclusive VH production cross section, its effect on the MVH distribution
of the ZH/WH ratio reaches the 20% level at MVH = 600 GeV, as illustrated in Fig. 6.
5
In Ref. [7], an O(100%) uncertainty on σγ was estimated due to its strong dependence
on the available PDF sets, implying a percent-level uncertainty on the total inclusive VH
production cross section. Due to recent theoretical progress in the determination of the
photon PDFs [33], this source of uncertainty on VH production has been significantly
reduced to a level which allows us to neglect it in our analysis [34]. A variation of the
electro-weak factorization scale by a factor of two around the central value of MV +MH
changes the electro-weak correction factor (including the photon-induced corrections) by
less than 4% and would thus be invisible in Figs. 5 and 6.
Let us next consider the uncertainties induced on RZWDY by the PDFs. While they amount
to 2-4% on the cross sections themselves, they largely cancel in RZWDY when assuming
that they are fully correlated between these two processes as demonstrated in Fig. 7.
The uncertainties in this case have been calculated using MadGraph5 aMC@NLO [35, 36]
MC@NLO events with one emission added through the HERWIG 7 parton shower [37,38].
The single parton-shower emission re-introduces the NLO terms subtracted during the
construction of the MC@NLO events, and hence this treatment is formally equivalent
to an NLO calculation. The plot also includes the renormalization/factorization scale
uncertainty, obtained by varying these scales by a factor of two around the central scale,
where the latter is defined as half the sum of the transverse masses of all final state
particles (including partons). We assume that these uncertainties are fully correlated
between the ZH and the WH process, which is justified from the identical form of the DY-
like QCD corrections for these two processess. The size of the scale variation on the ratio
4We use the default setting sbarelep=1 of HAWK for the final-state leptons, meaning that they are not
re-combined with photons. For the Z decay into neutrinos, which is not considered in our analysis,
the electro-weak corrections amount to about 10%.
5Recall again that we only consider leptonic Z decays; for Z → νν¯, the effect of σγ on the DY-ratio is
even larger. Fig. 6 has been evaluated using the PDFs described in Ref. [33].
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Figure 4: QCD corrections (including qg → qVH) to the ratio RZWDY for (a) W =
W+ and (b) W = W− as a function of the VH invariant mass, V ∈ {Z,W}.
The dashed/solid line in the upper parts of the plots show the LO/NLO QCD
result, the lower parts show the ratio of the two. Obtained with HAWK [24, 32]
(only the decays Z → l+l− and W → lν are included) using NNPDF23 qed nlo
PDFs with αs(MZ) = 0.118 [39].
corroborates the observations from above about the uncertainties due to uncalculated
higher-order QCD corrections. The PDF uncertainties for the set PDF4LHC15 nlo mc [26]
were calculated using the associated Monte-Carlo replicas. In our analysis below, we
combine these uncertainties in quadrature.
3.3 Estimate of the experimental uncertainty
In this section, we will provide a rough estimate of the uncertainty on the double ratio
by combining the theoretical uncertainty on RZWDY with the experimental one on R
ZW
through (
δRZWR
RZWR
)2
=
(
δRZWDY
RZWDY
)2
th
+
(
δRZW
RZW
)2
exp
, (9)
where the subscripts indicate that the first term is obtained through a theoretical cal-
culation and the second through an experimental measurement. The quadratic sum
of theoretical and experimental uncertainties is justified by the low level of correlation
between the two. We assume total integrated luminosities for pp collisions at 13 TeV
center-of-mass energy of (a) L = 36.1 fb−1, (b) L = 300 fb−1, and (c) L = 3000 fb−1,
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Figure 5: (a),(b): Same as Fig. 4, but for electro-weak corrections (excluding
γq → qVH).
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Figure 6: Same as Fig. 5, but for photon-induced corrections σγ , i.e. γq → qVH,
and using LUXqed plus PDF4LHC15 PDFs with αs(MZ) = 0.118 [33,26].
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Figure 7: PDF uncertainty from the Monte-Carlo replicas (using the
PDF4LHC15 nlo mc PDF set with αs(MZ) = 0.118 [26]) and renormaliza-
tion/factorization scale uncertainty (µF = µR varied by a factor of two around
MVH), evaluated assuming full correlation between WH and ZH, and using
MC@NLO events with one emission added from the parton shower. This treat-
ment is formally equivalent to an NLO calculation (see main text).
corresponding to (a) the ATLAS luminosity underlying the analysis of Ref. [40], (b) the
end of LHC Run 3, and (c) the future high-luminosity LHC run.
3.3.1 Details of the simulated analysis
We construct a hadron-level analysis, including decays of the vector bosons and the
Higgs boson. The parton-level events for signal and backgrounds are generated at NLO
using MadGraph5 aMC@NLO for all samples, except for gg → ZH which is generated at
leading order. For all samples, we employed the PDF4LHC15 nlo mc PDF set. Parton
showering as well as hadronization and modeling of the underlying event is performed
within the general-purpose Monte-Carlo event generator HERWIG 7. To take into account
the higher-order corrections on gg → ZH, we apply a global K-factor of K = 2 [18, 20].
Electro-weak corrections largely cancel in the double ratioRZWR and can thus be neglected
in our event simulation. We consider leptonic decays of the vector bosons, W± → `±ν`
and Z → `+`−, where ` = (e, µ), and Higgs-boson decays to bb¯ pairs. As background
processes we consider pp → tt¯, pp → W±bb¯, pp → Zbb¯ and single top production. In
this simplified phenomenological analysis, we do not consider any backgrounds coming
from light jets which are mis-identified as b-jets, nor those coming from mis-identified
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leptons.6 To approximately take into account the NNLO corrections on the pp → tt¯
background, we apply a global K-factor of K = 1.2 [41].
Jets are reconstructed using the anti-kT algorithm, implemented in the FastJet pack-
age [42, 43] with parameter R = 0.4. The jet transverse momentum is required to be
greater than 20 GeV for ‘central jets’ (|η| < 2.5) and greater than 30 GeV for ‘forward
jets’ (2.5 < |η| < 5). Selected central jets are labeled as ‘b-tagged’ if a b-hadron is found
within the jet. A b-tagging efficiency of 70% is considered, flat over the transverse mo-
mentum of the jets, to reproduce the efficiency of the experimental b-tagging algorithm
of Ref. [40]. The leading b-jet is required to have a transverse momentum larger than
45 GeV. The missing transverse energy is taken as the negative sum of transverse mo-
menta of all visible particles. Electrons and muons are subject to isolation criteria by
requiring the scalar sum of the transverse momenta of tracks in R = 0.2 around them
to be less than 1/10th of their transverse momentum:
∑
R<0.2 p
tracks
T < 0.1× p`T .
3.3.2 Analysis strategy
The 13 TeV ATLAS analysis of Ref. [40] considered three event selections, corresponding
to the Z → νν¯, the W → `ν, and the Z → `` channels. Here we only consider the latter
two and refer to them as 1- and 2-lepton channel, respectively. All selections require
exactly two b-tagged central jets, used to define the invariant mass mbb¯. For the W → `ν
selections, events with more than three central and forward jets are discarded.
In the W → `ν analysis, the neutrino four-momentum is reconstructed by assuming that
its transverse component is equal to the missing transverse momentum, pνT = E
miss
T , and
solving the quadratic equation (pν + p`)2 = M2W for the z-component p
ν
z . The two
resulting solutions can be used to construct two possible W four-momenta.7 These two
W four-momenta are then combined with the b-jet candidates’ four-momentum, and the
combination with invariant mass closest to the top mass is selected. This invariant mass,
denoted by mtop, is used to suppress top quark-related backgrounds (see last cut below).
Further details on 1-lepton and 2-lepton channels are as follows:
Z → ll -channel:
• exactly two same-flavor leptons (for muons: of opposite charge) with pT >
7 GeV and |η| < 2.5, of which at least one has pT > 25 GeV;
• lepton invariant mass 81 GeV < mll < 101 GeV;
• pZT > 150 GeV
W → lν -channel:
6These are expected to be sub-dominant with respect to the ‘irreducible’ backgrounds, as is indeed the
case in e.g. Ref. [40].
7In the case of a negative discriminant in the quadratic equation, the EmissT vector is rescaled such that
the discriminant becomes zero. The rescaling factor on the two EmissT vector components is chosen
to be the same.
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Figure 8: Comparison of the hadron-level prediction of the ratio of DY-like ZH-
production to WH-production, RZWDY , to the partonic prediction. (The curves
in this plot include the branching ratios of the Z and the W boson.)
• exactly 1 lepton with pT > 25 GeV and |η| < 2.5;
• pWT > 150 GeV;
• EmissT > 30 GeV in the electron sub-channel;
• mbb¯ > 75 GeV or mtop ≤ 225 GeV.
The events passing the selection cuts are subject to a “dijet-mass analysis”, following
closely that of Ref. [40], where the BDTVH discriminant of the multivariate analysis is
replaced by the invariant mass of the b-tagged jets, mbb¯. This results in ten signal
regions, shown in the second and third rows of Table 12 in Ref. [40]. In the present
analysis, we have only included signal regions with pVT > 150 GeV. We have further
applied the requirement mbb¯ ∈ [110, 140] GeV which efficiently selects events containing
H → bb¯. The expected number of events predicted by the Monte-Carlo level analysis at
the selection level are similar to those of Ref. [40].
Figure 8 compares the hadron-level prediction, after analysis cuts, of the ratio RZWDY to
the parton-level prediction. The parton-level prediction was constructed from the truth-
level W and Higgs boson momenta, whereas the hadron-level curve was constructed
through the combination of the reconstructed four-momenta of the W boson and the
Higgs boson. For the W boson, a random choice was made between the two solutions
for the z-component of the neutrino momentum. Figure 8 shows that this ratio is only
moderately affected by the analysis and thus can be calculated fairly reliably within
perturbation theory for the inclusive cross section. It is conceivable that the analysis
could be modified appropriately to preserve more closely the parton-level form of RZWDY .
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4 Numerical results
4.1 Calculation of experimental uncertainties
The experimental ratio RZW is evaluated from
RZW =
dNZH
dNWH
=
dN `` − dN ``bkg
dN ` − dN `bkg
, (10)
where dNX and dNXbkg, with X ∈ {l, ll}, represent the total number of events and the
number of background events per bin, with Xbb¯ final state, respectively. The uncertainty
due to background subtraction will be included in the estimate of the overall systematic
uncertainty. The uncertainty on RZW originating from the size of the total event samples
expected to be collected is given by:(
δRZW
RZW
)2
stat.
=
(
∂RZW
∂(dN ``)
)2
δ(dN ``)2 +
(
∂RZW
∂(dN `)
)2
δ(dN `)2 . (11)
If we assume the expected number of events in each bin to be large enough, then dNX
is Gaussian-distributed with uncertainty δ(dNX) =
√
dNX , giving:(
δRZW
RZW
)2
stat.
=
dN ``
(dN `` − dN ``bkg)2
+
dN `
(dN ` − dN `bkg)2
. (12)
We define the systematic uncertainty on RZW to include all uncertainties which con-
tribute to its experimental measurement. A precise determination of these systematics
would require a full-fledged experimental analysis that would take into account all the
correlations between the different contributing components. For the purpose of this pa-
per, we content ourselves with an estimate of the uncertainty derived from the separate
ZH and WH signal strengths of Eq. (13), presented in the ATLAS analysis of Ref. [40]:
µZH = 1.12
+0.34
−0.33(stat.)
+0.37
−0.30(syst.) ,
µWH = 1.35
+0.40
−0.38(stat.)
+0.55
−0.45(syst.) .
(13)
The systematic uncertainty of these results includes all sources of experimental nature,
related to the background and signal Monte-Carlo simulation and data driven estimates,
and to the finite size of the simulated samples.
We assume that the (symmetrized) systematic uncertainties (δµVH)syst. can be prop-
agated directly to the experimental ratio defined by Eq. (10), and thus to the double
ratio:(
δRZWR
RZWR
)2
syst.
= (δµZH)
2
syst. + (δµWH)
2
syst. − 2 pZW (δµZH)syst.(δµWH)syst.
= 0.112 + 0.250− 0.335 pZW .
(14)
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where pZW parameterizes the correlation of the systematic uncertainties between ZH
and WH production. Table 1 shows the results for three different degrees of correlation:
pZW = 0 (no correlation), pZW = 1/2 (50% correlation), and pZW = 1 (full correlation).
8
stat. (L/fb−1) syst. (pZW )
RZWR 36.1 300 3000 0 0.5 1
all MVH 1.49 ±0.90 ±0.31 ±0.10 ±0.90 ±0.66 ±0.25
restricted MVH 1.55 ±1.08 ±0.38 ±0.12 ±0.90 ±0.66 ±0.25
Table 1: Numerical results for the double ratio RZWR and the associated sta-
tistical and systematic uncertainties, obtained by mimicking the analysis of
Ref. [40]. The statistical uncertainty is evaluated for three values of the inte-
grated luminosity (L = 36.1, 300, and 3000 fb−1). The systematic uncertainty
is shown by assuming the individual systematic uncertainties of ZH and WH to
be fully uncorrelated, moderately-correlated, and fully correlated, respectively
(pZW = (0, 0.5, 1.0)). In the second line, the VH invariant mass was restricted
to MVH ∈ (350, 650) GeV. The systematic uncertainties are assumed to be un-
changed by this restriction.
4.2 Results semi-inclusive in MVH
Let us first consider integrated quantities before turning to a more differential analysis
below. From the hadron-level selection described in Section 3.3.1, it has been found
that the analysis of Ref. [40] favors events with MVH & 350 GeV. Furthermore, we
find that, in the present analysis, the gg → ZH process contributes substantially up to
MVH ∼ 650 GeV. Therefore, we also present results where the events are restricted to
350 GeV < MVH < 650 GeV. Note that only the signal regions with p
V
T > 150 GeV are
included.9
Due to the present rudimentary treatment of systematic uncertainties, these are only
considered inclusively, and thus assumed unchanged by this restriction on the MVH
range. Future experimental analyses, possessing information on the intricate correla-
tions between systematics should be able to provide a more differential assessment. We
present the results for the statistical and systematic uncertainties expected at integrated
luminosities of L = 36.1/300/3000 fb−1 in Table 1. From these numbers, one may
evaluate the significance s to which the non-DY component can be observed through
s/σ =
σZHnon-DY
δσZHnon-DY
=
RZWR − 1
δRZWR
=
RZWR − 1√
(δRZWR )
2
stat. + (δR
ZW
R )
2
syst.
. (15)
8An earlier version of these results, based on lower statistics of our simulation, has been presented in
Ref. [44].
9Beyond enhancing the gg → ZH process contribution, this also ensures that the 1-lepton and 2-lepton
analyses select similar phase space regions so as to facilitate cancellation of systematic uncertainties.
17
For L = 3000 fb−1, we thus find that the gluon-initiated component for ZH production
as predicted by the SM gives only a 2σ effect for the “restricted MVH” sample assuming
full correlation of the systematic errors between ZH and WH production. In case the
systematic uncertainties can be decreased down to half the current value, the significance
increases to 3.2σ. Considering the fact that New-Physics models typically enhance the
gluon-initiated component, a dedicated experimental analysis which is tailored to iso-
late this component and optimized for the ZH/WH ratio measurement therefore seems
appealing.
Let us take a moment to compare these results to the direct extraction of the non-DY
component from RZHDY as sketched at the beginning of Sect. 3.1. In this case, we find
a statistical error of (δRZHDY )stat. = 0.14 (R
ZH
DY − 1) in the restricted-MVH region, while
the systematic error is given by (δRZHDY )syst. = R
ZH
DY (δµZH)syst. if we follow the analogous
reasoning as above. Using our central value for the double ratio in the restricted-MVH
region for RZHDY , this leads to a signal significance of 1σ. Assuming that the systematic
uncertainty can be reduced by a factor of two, the significance for RZHDY 6= 1 increases to
2σ. Comparing this to RZWR , we find that the direct measurement of R
ZH
DY is competitive
as long as the correlation between the systematic ZH and WH uncertainties is smaller
than about 75%, i.e. roughly the value of pZW where the correlation term in Eq. (14)
cancels (δµWH)syst.. At this point it is important to keep in mind that, as argued at the
beginning of Sect. 3.1, we also expect significant contributions to the uncertainty from
the theoretical input to RZHDY , while they should be negligible for R
ZH
R . This means that
already a significantly lower ZH/WH correlation should lead to an improved extraction
of the non-DY contribution by using the double ratio RZWR .
4.3 Results differential in MVH
We now turn to the MVH distribution. Figure 9 shows the resulting fractional uncer-
tainties coming from theory or data statistics as a function of the VH system invariant
mass. The upper panel shows the “theoretical” uncertainty, i.e. the first term in Eq. (9),
obtained by considering the scale and PDF variations after applying the hadron-level
analysis. In the lower panel, the error bars show the total uncertainty as dictated by
Eq. (9), i.e. the combination of the theoretical and statistical uncertainties for an inte-
grated luminosity of L = 3000 fb−1, but excluding experimental systematic uncertainties.
We refrain from assessing the latter as their differential behavior would be challenging
to predict at this stage. It is evident that the statistical uncertainty originating from
the equivalent data sample size for an integrated luminosity of L = 3000 fb−1, dNX ,
dominates over the theoretical uncertainty.
Figure 10 demonstrates how an experimental measurement would look like, assuming
that a gg → ZH component exists in the sample at the level of the central SM predic-
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Figure 9: The upper panel shows the “theoretical” uncertainty, i.e. the first
term in Eq. (9), In the lower panel, the green error bars show the total relative
uncertainty as dictated by Eq. (9). The SM gg → ZH (with K = 2) has been
included in the “experimental” uncertainty. The invariant mass in the case of
the WH channel was constructed through the combination of the reconstructed
four-momenta of the W boson and the Higgs boson. For the W boson, a random
choice was made between the two solutions for the z component of the neutrino
momentum.
tion.10 The double ratio RZWR is then given by:
RZWR = 1 +
dNZHgg
dNZHDY
(16)
Figure 10 also shows the theoretical parton-level distribution as red dashes (with no cuts
applied). The theoretical prediction and experimental expectation are in good agreement
in this range of VH invariant mass. Note that the ATLAS analysis of Ref. [40] was not
constructed to detect the gg → ZH component. It is thus conceivable that an analysis
can be devised to increase its contribution to the total ZH production with respect to
the parton-level prediction.
10I.e., we use the SM gg → ZH cross section at µF = µR = MVH , including a K-factor of K = 2.
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Figure 10: The double ratio RZWR is shown in green error bars, assuming SM
gg → ZH (where we have applied a global K-factor of K = 2). The size of
error bars indicates the total theoretical and statistical uncertainty as given
by Eq. (9). The red dashed line shows the inclusive double ratio at parton level,
including the parton shower.
5 Conclusions
We have investigated New-Physics effects in the gluon-initiated Higgs-Strahlung process
gg → ZH and have shown that the ZH invariant mass distribution provides a particularly
sensitive probe for physics beyond the SM. While the distribution below the tt¯ threshold,
MZH < 2Mt, remains rather unperturbed and thus may serve as a gauge for the experi-
mental data, all New-Physics effects studied here can be clearly identified and to a large
extent even distinguished by the kinematic region above that threshold. Recall that the
low-MZH region is also under fairly good theoretical control due to existing higher-order
perturbative calculations in the large-Mt limit [20]. Applying a phenomenological anal-
ysis at the hadronic level in order to estimate the expected theoretical uncertainty, we
find that the SM gg → ZH component can be established at the ∼ 3.2σ-level at the
HL-LHC by comparing the experimental data to the theory prediction for the ratio of
DY-like ZH production to WH production in the one- or two-lepton channels. Adding
the zero-lepton channel and optimizing the current analyses for the gg → ZH process
(or other non-DY processes) would most likely allow to reveal an O(5σ)-level signal.
In order to uniquely establish New-Physics effects from this method, the theoretical con-
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trol of the gg → ZH component needs to be further increased, for example by including
SM top-mass effects at NLO. Considering the steady improvement of theoretical method
and existing calculations for very similar processes (see Ref. [45]), it is beyond doubt
that this can be achieved in time for the analysis of HL-LHC data.
Acknowledgments. RVH would like to thank Eric Laenen and the theory group at
Nikhef, where this work was started, for kind hospitality during the summer of 2017.
We would like to thank Alexander Mu¨ck for his support in using HAWK and Nathan
Hartland for useful discussions on PDF uncertainties. The work of RVH and JK was
financially supported by BMBF under contract 05H15PACC1. AP acknowledges support
by the ERC grant ERC-STG-2015-677323.
References
[1] G. Aad et al. [ATLAS and CMS Collaborations], Measurements of the Higgs boson
production and decay rates and constraints on its couplings from a combined ATLAS
and CMS analysis of the LHC pp collision data at
√
s = 7 and 8 TeV, JHEP 1608
(2016) 045 [arXiv:1606.02266 [hep-ex]].
[2] G. Aad et al. [ATLAS Collaboration], Observation of a new particle in the search
for the Standard Model Higgs boson with the ATLAS detector at the LHC, Phys.
Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-ex]].
[3] S. Chatrchyan et al. [CMS Collaboration], Observation of a new boson at a mass
of 125 GeV with the CMS experiment at the LHC, Phys. Lett. B 716 (2012) 30
[arXiv:1207.7235 [hep-ex]].
[4] S. Dittmaier et al. [LHC Higgs Cross Section Working Group], Handbook of LHC
Higgs Cross Sections: 1. Inclusive Observables, arXiv:1101.0593 [hep-ph].
[5] S. Dittmaier et al. [LHC Higgs Cross Section Working Group], Handbook of LHC
Higgs Cross Sections: 2. Differential Distributions, arXiv:1201.3084 [hep-ph].
[6] S. Heinemeyer et al. [LHC Higgs Cross Section Working Group], Handbook of LHC
Higgs Cross Sections: 3. Higgs Properties, arXiv:1307.1347 [hep-ph].
[7] D. de Florian et al. [LHC Higgs Cross Section Working Group], Handbook of
LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector,
arXiv:1610.07922 [hep-ph].
[8] J.M. Butterworth, A.R. Davison, M. Rubin and G.P. Salam, Jet substructure as
a new Higgs search channel at the LHC, Phys. Rev. Lett. 100 (2008) 242001
[arXiv:0802.2470 [hep-ph]].
[9] R.V. Harlander, S. Liebler and T. Zirke, Higgs Strahlung at the Large Hadron Col-
lider in the 2-Higgs-Doublet Model, JHEP 1402 (2014) 023 [arXiv:1307.8122 [hep-
ph]].
21
[10] C. Englert, M. McCullough and M. Spannowsky, Gluon-initiated associated produc-
tion boosts Higgs physics, Phys. Rev. D 89 (2014) no.1, 013013 [arXiv:1310.4828
[hep-ph]].
[11] O. Brein, A. Djouadi and R. Harlander, NNLO QCD corrections to the Higgs-
strahlung processes at hadron colliders, Phys. Lett. B 579 (2004) 149 [hep-
ph/0307206].
[12] R. Hamberg, W.L. van Neerven and T. Matsuura, A complete calculation of the
order α2s correction to the Drell-Yan K factor, Nucl. Phys. B 359 (1991) 343; Er-
ratum: [Nucl. Phys. B 644 (2002) 403].
[13] G. Ferrera, M. Grazzini and F. Tramontano, Associated WH production at hadron
colliders: a fully exclusive QCD calculation at NNLO, Phys. Rev. Lett. 107 (2011)
152003 [arXiv:1107.1164 [hep-ph]].
[14] G. Ferrera, M. Grazzini and F. Tramontano, Associated ZH production at hadron
colliders: the fully differential NNLO QCD calculation, Phys. Lett. B 740 (2015)
51 [arXiv:1407.4747 [hep-ph]].
[15] J.M. Campbell, R.K. Ellis and C. Williams, Associated production of a Higgs boson
at NNLO, JHEP 1606 (2016) 179 [arXiv:1601.00658 [hep-ph]].
[16] B. A. Kniehl, Associated production of Higgs and Z bosons from gluon fusion in
hadron collisions, Phys. Rev. D 42 (1990) 2253.
[17] D.A. Dicus and C. Kao, Higgs-boson–Z0 production from gluon fusion, Phys. Rev.
D 38 (1988) 1008; Erratum: [Phys. Rev. D 42 (1990) 2412].
[18] L. Altenkamp, S. Dittmaier, R.V. Harlander, H. Rzehak and T.J.E. Zirke, Gluon-
induced Higgs-strahlung at next-to-leading order QCD, JHEP 1302 (2013) 078
[arXiv:1211.5015 [hep-ph]].
[19] R.V. Harlander, A. Kulesza, V. Theeuwes and T. Zirke, Soft gluon resummation for
gluon-induced Higgs Strahlung, JHEP 1411 (2014) 082 [arXiv:1410.0217 [hep-ph]].
[20] A. Hasselhuhn, T. Luthe and M. Steinhauser, On top quark mass effects to gg → ZH
at NLO, JHEP 1701 (2017) 073 [arXiv:1611.05881 [hep-ph]].
[21] B. Hespel, F. Maltoni and E. Vryonidou, Higgs and Z boson associated production
via gluon fusion in the SM and the 2HDM, JHEP 1506 (2015) 065 [arXiv:1503.01656
[hep-ph]].
[22] D. Goncalves, F. Krauss, S. Kuttimalai and P. Maierho¨fer, Higgs-Strahlung: Merg-
ing the NLO Drell-Yan and Loop-Induced 0+1 jet Multiplicities, Phys. Rev. D 92
(2015) no.7, 073006 [arXiv:1509.01597 [hep-ph]].
[23] M.L. Ciccolini, S. Dittmaier and M. Kra¨mer, Electroweak radiative corrections to
associated WH and ZH production at hadron colliders, Phys. Rev. D 68 (2003)
073003 [hep-ph/0306234].
[24] A. Denner, S. Dittmaier, S. Kallweit and A. Mu¨ck, Electroweak corrections to Higgs-
22
strahlung off W/Z bosons at the Tevatron and the LHC with HAWK, JHEP 1203
(2012) 075 [arXiv:1112.5142 [hep-ph]].
[25] F. Granata, J. M. Lindert, C. Oleari and S. Pozzorini, NLO QCD+EW predictions
for HV and HV +jet production including parton-shower effects, JHEP 1709 (2017)
012 [arXiv:1706.03522 [hep-ph]].
[26] J. Butterworth et al., PDF4LHC recommendations for LHC Run II, J. Phys. G 43
(2016) 023001 [arXiv:1510.03865 [hep-ph]].
[27] W. Astill, W. Bizon, E. Re and G. Zanderighi, NNLOPS accurate associated HW
production, JHEP 1606 (2016) 154 [arXiv:1603.01620 [hep-ph]].
[28] W. Astill, W. Bizon´, E. Re and G. Zanderighi, NNLOPS accurate associated HZ
production with NLO decay H→ bb¯, [arXiv:1804.08141 [hep-ph]].
[29] O. Brein, R.V. Harlander and T.J.E. Zirke, vh@nnlo – Higgs Strahlung at hadron
colliders, Comput. Phys. Commun. 184 (2013) 998 [arXiv:1210.5347 [hep-ph]].
[30] R.V. Harlander, J. Klappert, S. Liebler and L. Simon, vh@nnlo-v2: New physics in
Higgs Strahlung, arXiv:1802.04817 [hep-ph].
[31] W.T. Giele and S. Keller, Determination of W boson properties at hadron colliders,
Phys. Rev. D 57 (1998) 4433 [hep-ph/9704419].
[32] A. Denner, S. Dittmaier, S. Kallweit and A. Mu¨ck, HAWK 2.0: A Monte Carlo
program for Higgs production in vector-boson fusion and Higgs strahlung at hadron
colliders, Comput. Phys. Commun. 195 (2015) 161 [arXiv:1412.5390 [hep-ph]].
[33] A.V. Manohar, P. Nason, G.P. Salam and G. Zanderighi, The photon content of the
proton, JHEP 1712 (2017) 046 [arXiv:1708.01256 [hep-ph]].
[34] V. Bertone et al. [NNPDF Collaboration], Illuminating the photon content of the
proton within a global PDF analysis, arXiv:1712.07053 [hep-ph].
[35] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5 :
Going Beyond, JHEP 1106 (2011) 128 [arXiv:1106.0522 [hep-ph]].
[36] J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP
1407 (2014) 079 [arXiv:1405.0301 [hep-ph]].
[37] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur. Phys. J. C 76 (2016)
no.4, 196 [arXiv:1512.01178 [hep-ph]].
[38] J. Bellm et al., Herwig 7.1 Release Note, arXiv:1705.06919 [hep-ph].
[39] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013)
244 [arXiv:1207.1303 [hep-ph]].
[40] M. Aaboud et al. [ATLAS Collaboration], Evidence for the H → bb decay with the
ATLAS detector, JHEP 1712 (2017) 024 [arXiv:1708.03299 [hep-ex]].
23
[41] M. Czakon, P. Fiedler and A. Mitov, Total top-quark pair-production cross section at
hadron colliders through O(α4s) Phys. Rev. Lett. 110 (2013) 252004 [arXiv:1303.6254
[hep-ph]].
[42] M. Cacciari and G.P. Salam, Dispelling the N3 myth for the kt jet-finder, Phys.
Lett. B 641 (2006) 57 [hep-ph/0512210].
[43] M. Cacciari, G.P. Salam and G. Soyez, FastJet User Manual, Eur. Phys. J. C 72
(2012) 1896 [arXiv:1111.6097 [hep-ph]].
[44] R. Harlander, J. Klappert, C. Pandini, A. Papaefstathiou, L. Perrozzi, The sensi-
tivity of a ZH/WH ratio measurement in the H → bb¯ channel, in Ref. [46].
[45] S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, J. Schlenk, U. Schubert
and T. Zirke, Higgs boson pair production in gluon fusion at next-to-leading order
with full top-quark mass dependence, Phys. Rev. Lett. 117 (2016) no.1, 012001;
Erratum: [Phys. Rev. Lett. 117 (2016) no.7, 079901] [arXiv:1604.06447 [hep-ph]].
[46] J. Bendavid et al., Les Houches 2017: Physics at TeV Colliders Standard Model
Working Group Report, arXiv:1803.07977 [hep-ph].
24
